How morphogen gradients are shaped is a major question in developmental biology, but remains poorly understood. Hedgehog (Hh) is a locally secreted ligand that reaches cells at a distance and acts as a morphogen to pattern the Drosophila wing and the vertebrate neural tube. The proper patterning of both structures relies on the precise control over the slope of Hh activity gradient. A number of hypotheses have been proposed to explain Hh movement and hence graded activity of Hh. A crux to all these models is that the covalent binding of cholesterol to Hh N-terminus is essential to achieve the correct slope of the activity gradient. Still, the behavior of cholesterolfree Hh (Hh-N) remains controversial: cholesterol has been shown to either increase or restrict Hh range depending on the experimental setting. Here, in fly embryos and wing imaginal discs, we show that cholesterol-free Hh diffuses at a long-range. This unrestricted diffusion of cholesterol-free Hh leads to an absence of gradient while Hh signaling strength remains uncompromised. These data support a model where cholesterol addition restricts Hh diffusion and can transform a leveled signaling activity into a gradient. In addition, our data indicate that the receptor Patched is not able to sequester cholesterol-free Hh. We propose that a morphogen gradient does not necessarily stem from the active transfer of a poorly diffusing molecule, but can be achieved by the restriction of a highly diffusible ligand.
Introduction
The Hedgehog (Hh) gene family encodes secreted ligands that regulate patterning in both vertebrates and invertebrates (Ingham and McMahon, 2001; Ingham et al., 2011) . The range of action of Hh ligands determines patterns of prominent body structures such as the segments in the fly embryo, the appendages in both the adult fly and vertebrates (Riddle et al., 1993; Tabata and Kornberg, 1994) and the ventral neural tube in vertebrates (Jessell, 2000) . Hh regulates its targets in a concentrationdependent manner, and thus acts as a morphogen in the Drosophila wing imaginal disc and the vertebrate neural tube: Hh is secreted locally and its range of action patterns distinct territories (Briscoe et al., 2001; McMahon et al., 2003) . Hh differential activity must therefore be carefully controlled.
Two opposing views may explain how the slope of a morphogen gradient is generated: First, a freely diffusible molecule can encounter a restrictive mechanism, leading to its accumulation near the source of secretion. Up to now, such hypothesis has received little support. Second, a poorly diffusible molecule could be transferred upon interaction with a carrier in order to reach the cells that need to be patterned. Distinct transfer mechanisms have been proposed to explain gradient formation in the Drosophila wing imaginal disc (Kornberg and Guha, 2007) : First, during serial transfer also known as trancytosis, secreted Hh would be endocytosed by the neighboring cell in a receptordependent manner, and then secreted again. Repeating this scenario in the rest of the cells in the epithelium will lead to the formation of the gradient. Second, lipoprotein particle transfer would involve the binding of Hh to lipophorin. The Hhlipophorin complex would move across the tissue, allowing longrange signaling (Panáková et al., 2005; Eugster et al., 2007) . Third, Hh may be transferred by long cellular protrusions called cytonemes (Ramírez-Weber and Kornberg, 1999) . Cells interpreting a ligand would send specific cytonemes bearing a receptor to pick up the ligand at the secretion site (Roy et al., 2011) . Another possibility is that the cytonemes originate from the Hh producing cells as shown in the niche of the Drosophila female germline stem cells (Rojas-Ríos et al., 2012) . Recently, cytonemes have also been shown to originate from the Hh producing cells in the wing imaginal disc (Bilioni et al., 2013) . The question of how Hh activity gradient is established is therefore highly controversial and remains open. The underlying idea behind these models is that a transfer mechanism carries local Hh in order to generate an activity gradient with a precise slope.
Hh protein biosynthesis includes the addition of palmitic acid and cholesterol to the N moiety (Hh-N) (reviewed by Mann and Beachy, 2004) . Hh is palmitoylated at its N-terminus by the acetyl transferase skinny hedgehog and is required for Hh secretion (Chamoun et al., 2001; Micchelli et al., 2002) . The second lipid modification is the covalent addition of a cholesterol moiety. Cholesterol addition requires the autocatalytic Hh Cterminal domain that gets cleaved during the reaction (Porter et al., 1996a; Bürglin, 2008) . Cholesterol covalent binding is crucial for Hh release mediated by the transmembrane protein Dispatched (Disp) that contains a sterol-sensing domain (Burke et al., 1999) . Still, expressing the Hh N-terminal domain alone produces a form of Hh not bound to cholesterol that is efficiently secreted in a disp independent manner (Porter et al., 1996b; Burke et al., 1999) . Hh-N was used to show that cholesterol addition enhances membrane association (Porter et al., 1996b) . The more striking behavior of Hh-N is its range of action that is different from the one of the wild-type, cholesterol bound form of Hh. The problem is that depending on experimental conditions, the cholesterol adduct would increase (Gallet et al., 2003; Panáková et al., 2005; Gallet et al., 2006; Eugster et al., 2007) or decrease (Porter et al., 1996b; Burke et al., 1999; Dawber et al., 2005; Callejo et al., 2006; Su et al., 2007) Hh range of action (reviewed by Wendler et al., 2006) .
It was first found that cholesterol addition limits Hh diffusion, as predicted from its biochemical properties (Porter et al., 1996b; Burke et al., 1999) . In wing imaginal discs, Hh-N would diffuse further than the wild-type tending to decrease the slope of its gradient and thus reducing peak levels while elevating low levels at a distance. In this case, the domains of the high-threshold targets patched (ptc) and engrailed (en) would decrease in size or may even get lost (Dawber et al., 2005; Callejo et al., 2006; Gallet et al., 2006) . On the other hand, Hh-N can activate the low-threshold targets Collier and Iroquoi over a greater range than Hh-WT (Dawber et al., 2005; Callejo et al., 2006) . Besides, the direct analysis of the spreading of Hh GFP fusions showed that the Hh-N-GFP would diffuse twice further than Hh-GFP (Su et al., 2007) . Therefore this model suggests that the cholesterol moiety concentrates Hh in a given domain above the activation threshold of the pathway and defines the effective range of Hh (Guerrero and Chiang, 2007) .
Still, other data indicated that cholesterol binding could be used to increase Hh range of action: wing imaginal disc clones overexpressing Hh-N induced the expression of the target reporter dpp-lacZ at a range of 3 to 4 cells whereas similar clones overexpressing Hh-WT induce dpp-lacZ at a range of 5 to 6 cells (Gallet et al., 2006) . In the embryo, whereas it was first shown that Hh-N diffuses more than Hh-WT (Burke et al., 1999) , it was later proposed that cholesterol binding is necessary for Hh movement (Gallet et al., 2003; Gallet et al., 2006) . The hydrophobic nature of cholesterol and the longer range observed were reconciled by the observation that the cholesterol adduct promotes the association of Hh into lipoparticles able to travel in the extracellular matrix (Greco et al., 2001; Panáková et al., 2005; Eugster et al., 2007) . Indeed, Hh copurifies with lipophorin, and Hh range of action decreases when lipophorin levels were reduced with RNAi in Drosophila larvae. As a result, dpp-lacZ expression decreased from 11 to 6 rows of cells at the anteroposterior boundary of wing imaginal disc (Panáková et al., 2005) . Hence, the cholesterol adduct appeared to increase Hh range by a factor of 2. Inexplicably, the expression range of the other Hh target Collier (Col) was unaffected. Another difficulty with this model is that lipoparticles are known to carry GPI-anchored proteins, but GPI-anchored Hh does not diffuse (Burke et al., 1999) . Cholesterol binding would therefore provide a way by which a poorly diffusing molecule could get transferred to the neighboring cells.
Altogether the control of Hh range of action by cholesterol modification is unclear: in the Drosophila embryo it is admitted that cholesterol modification increases Hh range of action. In discs, Hh-N range of action was either described as decreasing by a factor of 2 (Gallet et al., 2003; Gallet et al., 2006) or increasing by a factor of 2 although only for low-threshold targets (Dawber et al., 2005; Callejo et al., 2006; Su et al., 2007) . Most of all, the wider implication of these studies is that cholesterol binding does not change Hh behavior in a drastic manner, but only tunes the shape of the gradient. The process of cholesterol binding would therefore be dispensable to the formation of the gradient itself.
Our data in both the Drosophila embryo and the wing imaginal disc show a dramatic increase in the range of Hh-N. Cholesterolbound or unbound Hh was expressed in the embryonic dorsal epidermis and the activity of Hh pathway was monitored along an axis perpendicular to the direction of endogenous Hh diffusion. This setting allowed us to demonstrate that Hh-N can act at a long range in the Drosophila embryo, as far as 25 cells away. Second, we show that cholesterol-free Hh displays unrestricted diffusion in the wing disc by using ptc expression as a readout. This unrestricted diffusion leads to an absence of activity gradient. This plateau of Hh activity is still able to induce high threshold targets such as En, indicating that Hh-N is potent enough to induce full Hh pathway activation, implying that the longer range is not obtained at the expanse of the strength of the signal. We conclude that cholesterol modification is essential for Hh gradient formation.
Materials and Methods

Fly strains and genetics
We used the hh ts2 (# BL 1684), a temperature sensitive allele with restrictive temperature at 29˚C. To drive ectopic expression with the UAS/Gal4 system (Brand et al., 1994) , we used the following Gal4 lines: pnr-Gal4 (pnr MD237 , # BL 3039) which drives expression in the dorsal epidermis of the embryo, and ap-Gal4 (ap MD544 , # BL 3041) which drives expression in the dorsal domain of the wing disc. We used the following UAS lines: UAS-ActinRFP, UAS-hh-WT (Gallet et al., 2003) , UAS-hh-N (Gallet et al., 2003) , UAS-hh::GPI, a fusion of FasI C-terminal residues that include a GPI anchoring signal with the Hh-N moiety (Burke et al., 1999) and UAS-Hh::CD2, a fusion of the rat membrane protein CD2 with the Hh-N moiety (Strigini and Cohen, 1997) . We also used the Dpp-lacZ line BS3.0 (Blackman et al., 1991) . pnr
MD237
, ap
MD544
, UAS-RFP and hh ts2 lines are from the Bloomington Drosophila stock centre. UAS-hh-WT, UAS-hh-N, UAS-hh::GPI, UAS-hh::CD2 are a kind gift from Armel Gallet. The Dpp-lacZ reporter is a kind gift from L.S. Shashidhara. Crosses were performed at 25˚C. For the hh ts2 experiment, larvae were incubated at restrictive temperature (29˚C) 19 hours before dissection.
Immunofluorescence and quantification
We used standard techniques of immunohistofluorescence: embryos were dechorionated with bleach, fixed in a 1:1 mix of 4% PFA-Heptane. Embryos were subsequently devitellinized by replacing the 4% PFA with methanol. Discs were fixed in 4% PFA on ice for 1 hour. Samples were then incubated with primary antibodies, later fluorescent-coupled secondary antibodies. Samples were eventually mounted in VectaShield. We used the following primary antibodies: anti-Odd (kind gift from J. Skeath), anti-Ci, anti-En, anti-Ptc, anti-DCadherin, antiWg, developed respectively by R. Holmgren, C. Goodman, I. Guerrero, T. 
Western blot
We used the same protocol as previously described (Dourlen et al., 2012) . 100 embryos or 20 wing imaginal discs for each genotype were homogenized in Laemmli buffer (10% glycerol, pH 6.8 0.5M Tris, 10% SDS, 1% bromophenol blue, 1% b-mercaptoethanol, 100 mM DTT). Samples were then boiled and loaded onto a 12% acrylamide gel (Biorad), transferred and incubated overnight at 4˚C with a primary antibody. Samples were then incubated with HRP-coupled secondary antibodies, and eventually detected with a chemoluminescent kit (GE Healthcare Life Sciences). The following antibodies were used: ''Calvados'' AntiHh (kind gift from P. Thérond) and Anti-Tubulin (Sigma). We used the following secondary antibodies: Anti-mouse HRP and Anti-rabbit HRP antibodies (Biorad). We used the ImageJ software to quantify protein bands.
Statistical analyses
We used the Prism software to generate graphs. Bar graphs represent mean6s.e.m. Mann-Whitney's U test was used to determine significant differences for Figs 1, 2. Student t-test was used to determine significant differences for Fig. 4 .
Results
Unrestricted diffusion of cholesterol-free Hh in the Drosophila embryo hh is a segment polarity gene (Nüsslein-Volhard and Wieschaus, 1980 ) that regulates patterning within each segment of the Drosophila embryo. Hh is secreted by the en-expressing cells (Kornberg et al., 1985) and induces ptc expression in the Ciexpressing domain. Ptc expression is detected in all Ci positive cells at early stage 10 (Taylor et al., 1993) and is refined to single stripes of cells abutting the En domain at stage 13 ( Fig. 1A-A0 ). We therefore characterized the range achieved by different Hh variants by monitoring ectopic Ptc expression in stage 13 embryos. We used the pannier-Gal4 (pnr-Gal4) driver to overexpress Hh variants in the dorsal domain, marked with Actin-RFP (Calleja et al., 1996) (supplementary material Fig.  S1A ). Whereas previous experiments had tested Hh range of action across few cell diameters, this setup enabled us to test the range of Hh over 25 cells.
We first overexpressed Hh::GPI and Hh::CD2, two membraneanchored forms of Hh (Strigini and Cohen, 1997; Burke et al., 1999) as controls and showed that they induce Ptc only within the Pnr domain (Fig. 1B-C0 ). We next overexpressed cholesterolbound and cholesterol-free Hh. Ptc staining indicated that wildtype Hh diffuses 1 to 4 cells away (Fig. 1D-D0 ) whereas cholesterol-free Hh (Hh-N) diffuses throughout the dorsoventral axis ( Fig. 1E-E0) , which is about 25 cells away (Fig. 1F) . Western blot analysis indicates that the greater range of Hh-N is not due to a stronger expression of the Hh-N transgene (supplementary material Fig. S2A,B) . Therefore, without cholesterol, Hh diffuses much further than wild-type Hh.
Next, we verified that the activation of the Hh pathway is sufficient to regulate cell identity. In cells posterior to the En cells, hh maintains odd skipped (odd) expression and segmental groove identity (Vincent et al., 2008) . In pnr-Gal4, UAS-RFP embryos, endogenous Odd expression is wild-type and consists of a single stripe of cells abutting the En domain ( Fig. 2A-A0 ). Hh-WT maintains Odd to about 3 to 4 cells away, correlating perfectly with Ptc expression ( Fig. 2B-B0 ; supplementary material Fig. S3 ). By contrast, Hh-N maintains Odd throughout the dorsolateral axis ( Fig. 2C-C0 ; supplementary material Fig.  S3) , which is about 20 cells away (Fig. 2D) . This correlation between Ptc expression and Odd maintenance shows that the dose of Hh received by distant cells is strong enough to modify segmental patterning. At this stage, odd is not expressed in the ventral epidermis of wild-type embryos (Vincent et al., 2008) and cannot indicate whether Hh-N is active in this region. In order to address whether Hh-N diffuses all the way to the ventral epidermis, we next monitored the pattern of wg-expressing cells.
In the dorsal and the ventral epidermis of the embryo, hh maintains wg expression in cells anterior to the En stripe (Baker, 1987; Alexandre et al., 1999) (Fig. 3A-A0 ). In pnr-Gal4, UAShh-WT embryos, supernumerary Wg-expressing cells are detected in the dorsal epidermis but not in the ventral epidermis (Fig. 3B,B9 ). By contrast, in pnr-Gal4, UAS-hh-N embryos, additional rows of Wg-expressing cells are maintained in both the dorsal epidermis and the ventral epidermis (Fig. 3C-C0 ). Thus Hh-N produced in the dorsal domain diffuses as far as the midline of the ventral epidermis, about 25 cells away. Hence, we conclude that cholesterol-free Hh can diffuse and modify patterning at least ten times further than cholesterol-bound Hh.
Unrestricted diffusion and absence of gradient with cholesterolfree Hh in the wing imaginal disc
We next adopted a similar strategy in the wing imaginal disc and tested Hh-N range of action. In the wing imaginal disc, Hh is produced by the posterior en cells and activates Ptc in a 10-cell stripe bordering the en domain (Fig. 4A-A0) . In order to avoid the influence of endogenous Hh activity, we ectopically expressed Hh variants in the dorsal domain with ap-Gal4 and analyzed their range of action in the anteroventral domain (Calleja et al., 1996; Glise et al., 2005; Ranieri et al., 2012) (supplementary material Fig. S1B ). In ap-Gal4, UAS-RFP, UAShh-WT discs, ectopic Ptc is detected in a stripe of 10 cells along the dorsoventral border (Fig. 4B-B0 ). In ap-Gal4, UAS-RFP, UAS-hh-N discs, ectopic Ptc is detected throughout the anteroventral quadrant of the wing pouch (Fig. 4C-C0 ). Thus, cholesterol-free Hh induces Ptc expression at least ten times further than cholesterol-bound Hh. Western blot analysis indicates that Hh-N greater range is not due to a stronger expression of the Hh-N transgene (supplementary material Fig.  S2C,D) . To verify that endogenous Hh does not interfere with these results, we overexpressed Hh-N in a hh ts2 background raised at restrictive temperature during the 19 hours preceding dissection. We observed a similar broad Ptc ectopic expression and an absence of the endogenous Ptc expression (Fig. 5A-D9 ). Quantitative analysis of Ptc expression reveals that no gradient forms in response to Hh-N (Fig. 4D, Fig. 5E ). This is striking as Ptc is a high-threshold Hh target and was strictly detected in a cell-autonomous manner during clonal ectopic expression of Hh-N (Callejo et al., 2006) .
We therefore decided to analyze the response of the target that requires the highest Hh activity, Engrailed (Blair, 1992) . En was also confined to Hh-N expressing clones (Dawber et al., 2005; Callejo et al., 2006; Gallet et al., 2006) . In ap-Gal4, UAS-RFP, UAS-hh-WT discs, ectopic En is detected in a stripe of 4 cells along the dorsoventral border (Fig. 6B-B0 ). In ap-Gal4, UAS-RFP, UAS-hh-N discs, ectopic En is detected throughout the anteroventral quadrant of the wing pouch (Fig. 6C-C0 ), albeit at a weaker level compared to Hh-WT discs. Another target of Hh is cubitus interruptus (ci): ci marks the anterior cells, and is upregulated by Hh. Ci is considered a low-threshold target (Dawber et al., 2005) . Interestingly, Ci expression is inversely correlated with En expression: The stripe of 4 En cells induced by Hh-WT expresses minimal Ci levels, followed by an area of strong Ci staining that is about 10-cell wide (Fig. 7B-B0 ). This weaker Ci expression may be due to En-mediated repression. Conversely, Hh-N induces Ci upregulation throughout the anteroventral quadrant (Fig. 7C-C0 ). Thus the activity plateau generated by Hh-N is strong enough to modify En and Ci patterns, indicating that the longer range of Hh-N does not form at the expense of the activity of the molecule.
Last, we checked whether Hh-N can induce the low-threshold target dpp over a greater range than Hh-WT by analyzing the expression of a dpp-lacZ reporter construct (Blackman et al., 1991). Indeed, there is a clear disagreement on whether Hh-N induces dpp-lacZ over a greater range (Callejo et al., 2006) or a reduced range (Gallet et al., 2006) compared with Hh-WT. Our data indicate that whereas Hh-WT induces dpp-lacZ expression in a stripe of about 15 cells along the dorsoventral border, Hh-N induces dpp-lacZ throughout the anterioventral quadrant of the wing pouch (Fig. 8A-C0 ). As controls, we verified that membraneanchored Hh induces its targets in a cell-autonomous manner (supplementary material Fig. S4 ). All the Hh targets we analyzed indicate that cholesterol prevents the formation of a high Hh activity plateau that would cover the full wing pouch. Cholesterol addition is therefore crucial to Hh gradient formation. 
Discussion
Cholesterol-free Hh acts at long range in both the embryo and the wing imaginal disc Our data show that cholesterol-free Hh signals at long range. In the embryo, cholesterol-free Hh diffuses and influences patterning at least ten times further than Hh-WT. This clearly contrasts with the generally admitted view that the cholesterol is necessary to send Hh away in the Drosophila embryo (Gallet et al., 2003; Gallet et al., 2006) and agrees with pioneer data (Burke et al., 1999) . Results showing that cholesterol is necessary to send Hh away may be explained by the fact that Hh does not induce but maintains cell identity in the embryo (Vincent et al., 2008) . In experiments performed in Hh null background, target cell identity may have been lost with any delay in Hh-N production, explaining why in these experiments Hh-N would not even act on the very first neighboring cell. Still the novelty of our results resides in the detection of a range that has not been appreciated before: until now, Hh variants were expressed in a striped-pattern and Hh activity was monitored along a maximum range of about 5 cells within each segment (Burke et al., 1999; Gallet et al., 2003; Gallet et al., 2006) . Here we show that Hh-N travels at least 25 cells away from its source of secretion and demonstrate for the first time a long-range activity for Hh-N in the Drosophila embryo.
In the wing imaginal disc, our data show that cholesterol-free Hh activates at a long range the low-threshold targets such as Dpp, which confirms previous data (Callejo et al., 2006) , but also the high-threshold targets such as Ptc and En, which has never been shown before. It has been proposed that the long-range activation of Dpp by Hh-N initially observed by Burke and colleagues would result from ectopic expression of Hh-N in the cells of the peripodial membrane (Gallet et al., 2006) . The peripodial cells would secrete Hh-N in the disc lumen, where it would diffuse in a Ptc-independent manner (Callejo et al., 2006) . This argument cannot apply against our data: Ap, that drives the Gal4, is the dorsal determinant and is never expressed in the peripodial cells, that are of ventral origin. Thus, Hh-N produced by the dorsal cells of the disc proper is able to travel freely throughout the Ptc expressing epithelium.
Cholesterol-free Hh can travel through a Ptc expressing territory both in the embryo and the wing imaginal disc This movement through a Ptc expressing territory in both the embryo and the wing imaginal disc is unexpected. Indeed, Hh-WT moves freely through Ptc minus clones in the wing imaginal disc, indicating that Ptc sequesters Hh-WT (Chen and Struhl, 1996) . As both Hh-WT and Hh-N activate signaling, it is assume that both contact Ptc in order to activate the pathway. The movement of Hh-N through a Ptc expressing tissue suggests that Hh and Ptc may undergo several types of interactions: First, a cholesterol-independent interaction would promote signaling. Second, a cholesterol-dependent interaction would promote tethering. Such cholesterol-mediated retention of Hh provides an attractive hypothesis to explain how cholesterol shapes the Hh morphogen gradient.
Cholesterol binding is required for gradient formation
Still, the most striking result of this analysis is that cholesterolfree Hh leads to the formation of a high Hh activity plateau that extends through the wing pouch. Previous studies concluded that both Hh-N and Hh-WT could establish a gradient and that the function of cholesterol modification is to tune the slope of the gradient (Dawber et al., 2005; Callejo et al., 2006; Gallet et al., 2006; Su et al., 2007) . In contrast, our data suggest that cholesterol is not important to refine the gradient as previously believed, but rather is crucial to generate the gradient.
Robustness as a possible pitfall for morphogen analysis
The vertebrate field provides us with an attractive hypothesis to explain the discrepancy observed in the range of action of Hh-N: Elegant studies about the Sonic Hh (SHh) gradient during the patterning of the neural tube have shown that SHh concentration at a given time is not sufficient to provide spatial information: Aberrant variations in SHh signalling can be ignored, and the memory of the system prevails through a transcription factor feedback loop, a property called hysteresis (Balaskas et al., 2012) . The drawback of this robustness is that an experimentally triggered variation in signalling may not give the same result as the same variation performed at steady state. The prediction is that if hysteresis is involved in the fly system, overexpression clones will show different results compared with a steady state overexpression. Several lines of evidence suggest that hysteresis plays an important role in Drosophila. First, in the embryo, we have previously shown that Hh does not induce, but maintains groove identity, indicating that memory is crucial to embryonic development (Vincent et al., 2008) . Second, the correspondence that we observe between En and Ci expression in the wing imaginal disc indicates that here also a transcription factor loop is at work downstream of Hh signaling. Altogether, steady state analysis appears to be a more appropriate tool than clonal analysis in order to avoid caveats linked to hysteresis.
Compatibility with the cytoneme model
Cholesterol covalent binding may guide Hh through a specific path to generate an activity gradient (Kornberg, 2011) . In this view, cholesterol would function as a barcode in secreting cells to route Hh from the apical membrane to the basal side where cytonemes are produced (Bilioni et al., 2013) . In contrast, Hh-N would fail to be targeted basally and would accumulate at the apical surface to be eventually released when the accumulation is too important. This byproduct of Hh synthesis was predicted to generate weakened signaling (Kornberg, 2011) . Conversely, our data indicate that Hh-N induces robust levels of high-threshold targets at long distance, arguing against an accidental release. On the other hand, our data may provide a testable hypothesis in order to assess the relevance of cytonemes in Hh gradient formation: As Ptc appears to be specifically required to sequester the cholesterol-bound form, the mechanism that distributes Hh as a gradient should enable Ptc tethering activity: If cytonemes are implicated in Hh movement, they should allow the traveling of Hh through Ptc minus clones and a shift in the position of the gradient. In order to cross Ptc minus clones, cytonemes should either expand or carry a higher number of Hh molecules and resume their wild-type behavior once wild-type tissue is reached. Whereas targeting Hh to cytonemes with cholesterol is an interesting possibility, further experiments need to be performed in order to favor this hypothesis.
Altogether, our data demonstrate unambiguously that Hh without cholesterol diffuses further than Hh-WT in both the embryonic epidermis and the wing imaginal disc. In the embryo, cholesterol binding ensures short-range signaling and in the wing imaginal disc it allows gradient formation. This opens the possibility that a morphogen gradient may not form by the active transfer of a poorly diffusible ligand, but could be generated from the restriction of a highly diffusible ligand.
